Pvlercury porosimetry was used to measure the bulk and real densities, pore volumes and pore size distributions of compacts of hydroxyapatite before and after sintering. The hydroxyapatites were prepared by two different methods and had widely different surface areas. The properties were determined as a function of compaction force and sintering temperature. Densities from porosimetry were in good agreement with geometric densities. A linear relation was found between pore volume and log of the applied force. There was also a linear relationship between bulk volume and pore volume of the compacts. A bimodal pore size distribution was observed for the high surface area hydroxyapatite which disappeared with increasing compaction loads. Pressurization and depressurization measurements indicated that the main body of the pores in the compacts attained a more regular "spherical" shape with increasing compaction force than did the "necks". The pore volume, percent porosity, and bulk density of the compacts remained unchanged up to 600°C; however, the surface area and the average pore diameter changed at 400°C. The distribution of pores became more uniform, narrower in distribution, and larger in size as the sintering temperature increased_ The change in pore area with pore volume indicated that two mechanisms were operating during sinter- ing. The pore area proved to be the most sensitive indicator of changes during sintering.
INTRODUCTION

Hydroxyapatite
(HAP) is the principal inorganic component of teeth and bone. Dentin, cementum and enamel are the three types of hard tissue composing teeth. A soft, nonmineralized tissue, dental pulp, is enclosed centrally within the hard tissue. Dentin is composed of about 69% mineral, 18% organic phase, and 13% of water by weight. Cementurn covers the root portion of the dentin while enamel covers the crown portion. Cementum is softer than dentin and is composed of 46% mineral, 22% organic phase and 32% water. Ename! consists of approximately 96% mineral, 1.7% organic phase and 2.3% water [l] .
This study is concerned with the mineral portion of the tooth structure common to all three dental hard tissues which is apatitic in nature. Its composition is that of mostly calcium hydroxyapatite with inclusions of impurities such as magnesium, strontium, sodium, carbonate, fluorine and chlorine. Tin, lead, copper, zinc and iron have also been found in small quantities. Hydroxyapatite (HAP) refers to crystalline material with the unit cell formula of Car e (PO4 )s (OH), [2, 3] . A much larger class of materials is covered by the term apatite*, and frequently the general-* Apatite is from the Greek word apate. which means deceit. The name was given because apatite was often mistaken for other minerals. Fluorapatite in particular comes in many colors: white, yellow, blue, green, brown, etc. ized term may be used to describe any calcium orthophosphate precipitate that yields an X-ray diffraction pattern similar to that of H4P.
Apatites deviate from the ideal composition, or the molar calcium -phosphate ratio (Ca/P) of 1.667, either in calcium or phosphate content by inclusion of contaminants and other ions such as F-, Cl-, CO:-, Mg" _ Na' or Hz 0 that is tightly held within the crystal_ There is a need for a strong, inert, biologically compatible material for implants to replace teeth or bone lost as a result of disease or accident [4 -63 _ All human hard tissues are composed of HAP as one of the main mineral phases. The understanding of the technique of fabricating synthetic HAP powders into hard, porous appliances is a logical initial step in exploring the feasibility of the materials as implants_ Information about the particle size of the powder and pore size distributions within the compacts before and after sintering is important in the development of HAP ceramic implants.
MATERKALS -4ND METHODS
Hydroxyapatite powders Two hydroxyapatite
samples were used in the compaction study, WC-HAP* and TVA-HAP**.
WC-HAP was a commercial product prepared by precipitation from hot water, which resulted in a finely powdered sample with 50% of the particles with dimensions less than 8.5 pm. The sample had a low bulk density and a high surface area.
The Tensile  and  Compression  Testing  Machine* as a press. The 5000~lb. pressure range was divided into five scales, each of which could be read with a precision of O-l%_ Because of the fixed die size, the measurement of the diameter did not change significantly from pellet to pellet. The only dimension that varied was the height of the pellet, and this changed with the amount of the powder used and the force applied during compaction.
The effect of the compaction force on the process of forming the pellet was to be evaluated, and therefore an attempt was made to keep the mass of the sample constant, about 0.35 g. The effect of the variation of the mass was not investigated_ The powdered samples were weighed with a Mettler M5 Microbal--* Ametek, Inc., Riehle Testing Machines, 554 12th
Ave., E. Moline, Illinois. ante* which had a total capacity of 20 g and a precision of f 0.001 mg. As a result of the limited precision of the micrometer used to measure the thickness of the compacts, the values for the sample weights were rounded off to the nearest fourth decimal place.
The powders were compressed in the die at loads indicated in Table 2 with the suffix P after the numerical value of the load in pounds, for example lOOP, 5OOP and 1OOOP. The powder was kept at the fixed load and the press was adjusted to keep it constant, until no flow was indicated. The time to reach no observable flow varied from one-half to one minute, and an extra minute under the load was allowed for compaction.
The total time under compression at each load was approximately 2 minutes. The die was carefully made to keep the piston and the anvil surfaces parallel; nevertheless, the thickness measurements on the compacts were made at five places and these values averaged. The center of the pellet and the edges at four cardinal headings (90" apart) were measured for thickness with a micrometer.
Usually no significant differences in thickness were found, but some difference occasionally occurred as a result of the unevenly distributed powder bed in the bottom of the die.
Mercury porosimetry
The mercury intrusion method is commonly used to characterize pore size distribution in a porous sample by means of a mercury The bulk density data determined by the two methods for both VIC-and TVA-HAP are listed in Table 2 . The ratio of the geom&ric to mercury porosimelry (G/M) bulk densities was approximately 1.02. The coefficient of variation (C-V.) for the data was 0.3%. It is also noteworthy that the C.V. for VIC-and TVA-HAP was about the same. The bulk densities by the two methods were nearly identical for both 2.76 g/cm3 _ It can be deduced from these data that the measurement of real density is much more sensitive to the closing of the void spaces between particles, and forming closed pores, than measurement of the bulk density.
Pore volume of VIC-and TVA-HAP compacts
Another important parameter in compaction of powders that must be measured and controlled is the pore volume of the compact. Semi-log plots of pore volumes versus compaction force for both VIC-and TVA-HAP compacts are presented in Fig. 3 . A linear relationship between pore volume of the compact and the log of the applied force during compaction was established for both VIC-and TVA-HAP samples. The two slopes were different because of differences in the powder characteristics and the particle size distributions.
The linear relationship allows the selection of conditions for compaction in order to obtain a compact of desired pore volume or porosity. Also, by extrapolation it was determined that approximately 35,000 and 55,000 lb. of force applied on a %-in. die was required to form a completely densified compact of VIC-and TVA-HAP, respectively. In terms of pressure these forces are equivalent to 175,000 and 275,000 psi. Linear pore volume relationships could be established for other powder samples in a similar manner.
Another interesting observation resulting from study of the compaction of hydroxyapatite powders was the linear relationship between bulk volume and pore volume, and these data are plotted in Fig. 4 . There is a one-to-one correspondence between change in bulk volume and change in pore volume, regardless of the sample powder. Slopes for both VIC-and TVA-HAP are about 1.00; however, intercepts of these lines on the ordinate (bulk volume) differ. This type of plot is not sensitive to differences in particle size distribution, but only to the true density of the solid. Since bulk volume is the reciprocal of bulk density, it will yield the true density of the solid from the intercept of '&is line, when the pore volume becomes zero. Similar plots, therefore, can be made for any powder in compaction by knowing the true density, and using a straight line of a slope of one. This type of plot can be useful in connection with the plot in Fig. 3 to design conditions for compaction of a powder, in order to obtain a compact of specific bulk density or pore volume.
By linear regression of these data, the measured. bulk densities yield a good estimate of the true density of each hydroxyapatite powder. For VIC-HAP the true density was calculated to be 2.70 * 0.05 g/cm3, and for the TVA-HAP it was 3.03 + 0.04 g/cm3. These values agree quite well with the independently determined density values for each individual compact, which ranged from 2.67 to 2.76 g/cm3 for VIC-HAP, and from 2.95 to 
g/cm3
for TVA-HAP_ The individually measured real densities may not be as reliable in determining the true density of the solid in compaction as the above method, unless it was known that all of the open and closed void volume had been included_ As shown in Fig. 2 , the real density of VIC-HAP compacts was not constant over the load range investigated, but diminished rapidly with the applied force, reflecting the closing of some pore volume which became inaccessible to the intrusion of mercury. The measured real density is therefore not the same as the true density of the solid. The densities differ by a fraction due to the closed pore volume. It is suggested that the above is a good alternative method for establishing the value of the true density of the powdered solid used in the compaction study. Summary data for VIC-HAP powder and compacts obtained by mercury porosimatry are listed in Table 3 . Pore volume, percent porosity, bulk density, density (keal), and surface area are tabulated. Also included are the pore diameters, mean (50%) and the average (4V/A), for both pressurization and the depressurization data (Fig. 6) .
3.3
The median pore diameters were obtained at the 50% value of the pore size distribution curves. The average (4V/A) pore diameter was calculated, assuming that all the pores were cylindrical in shape. Under this geometrical condition, the average pore diameter (0) in pm equals four times the total pore volume (v) in cm3/g divided by the specific area It should be noted that the pressurization data from mercury intrusion yields information about the size of the opening of the voids or pores, and does not reflect the shape or pore size behind the "neck".
Because of hysteresis, an estimate can be obtained from depressurization data of the average spherical diameteresis, an estimate can be obtained from depressurization data of the average spherical diameter of the space behind the neck through
The difference between the values of the median and the average pore diameters should also give an indication of the quality of the by the assumption of cylindrical geometry of the pores in calculating the average pore diameter. The median and the average pore diameter data in Fig. 6 appear to be converging more for the depressurization than for the pressurization data. This observation indicates that the main body of the compact pores may attain more regular "spherical" shapes with increasing compaction than do the "necks".
Any change in the relative shape of the "neck" openings of the pore space would not be indicated by these curves _ The first two samples in Table 3 are those of VIC-HAP powder. Both samples were treated similarly prior to running the mercury porosimeter; however, they yielded somewhat different pore volumes, bulk densities, and pore diameters. This observation further confirms the opinion that the packing conditions for a powder sample are difficult to control. From Table 3 it is also seen that there was no significant change in the surface area of compacts up to lOOOP, after which it dropped significantly.
Although no structural strength data were obtained on these compacts, it can be stated that a compact formed at a lOOO-lb. load is quite strong, can withstand handling, and is not friable. As expected, pore volumes and porosities decreased and the bulk densities increased with pressure during compaction. Density of the solid remained constant within experi- (Fig. 3) which later filled and disappeared at higher pressures (5OOOP).
The family of cumulative pore size distribution curves of TVA-HAP powder and compacts are plotted in Fig. 7 . In contrast to VIC-HAP (Fig. 5) , the TVA-HAP curves are shifted by a decade to larger pore sizes on the abscissa_ This shift is the result of the larger particle size of TVA-HAP.
The difference in the shape of the curves and the pore size distribution for the TVA-and VIC-HAP powders should be noted.
The pore diameters in Table 4 are plotted for TVA-HAP in Fig. 8 . Median and average (4VIA) pore diameters of the compacts are plotted as a function of compaction force for both pressurization and depressurization conditions. The scatter of the depressurization values is a little greater than that of the pressurization values, but both sets of data appear to decrease uniformly in a parallel or slightly converging relationship. Since these data were from single experiments only, the scatter was not excessive. For example, the average pore diameter for the 500P compact from pressurization data was 1.04 pm, which is out of line with other data in Fig. 8 . This variation is a result of using the experimental surface area value of 1.63 m2/g, instead of an expected value of about 3 m2 /g in the calculation. If, The effect of drying and heat-treatment on hydroxyapatite compacts was investigated using-VIC-HAP compacts formed at 500 lb. (5OOP). 4ll compacts had the same "green" bulk density of about 1.00 g/cm3 determined from pellet geometry_ Compacted samples were placed in porcelain boats and isothermally sintered in a tube furnace for periods of 12 to 24 !lours in a slow stream of nitrogen_ _4f-ter sintering, they were cooled in a desiccator and the densities and pore size distributions determined by mercury porosimetry.
Porosimeter data for VIC-500P compacts sintered at nine different temperatures are summarized in Table 5 . The pore volume, percent porosity, bulk density and density remained unchanged up to 600°C. The surface area and the median and average pore diameters for both the pressurization and depressurization data, however, changed significantly at 500°C.
The temperature could thus be raised to 600°C without any noticeable volume change or sintering effect, but the temperature could not be raised above 400°C without affecting the surface area or the median and the average pore diameters.
The above data can be examined in a different way in order to observe the physical changes in these compacts during sintering. The densification parameter (AD) is one way of investigating small changes, where the differential density ratio between the "green" and the sintered densities is compared with the difference between the true solid density and the "green" density: density" (3.05 g/cm3 ). The densification parameter (AD) is plotted in Fig. 9 as a function of sintering temperature. If no change resulted during sintering, the data should fall near the zero line, as occurred at 200" and 600" C.
Pore size distribution curves were measured for the sintered compacts and are plotted in Figs. 10 and 11. For better internal comparison between the pore size distribution curves of the compacts, and for the visual indication of the pore size distribution changes, the data were plotted in percent on the ordinate. There appeared to be little change in the percent pore volume distribution curves (Fig. i0) for the curves at 200", 300" and 400°C (marked 2, 3, 4). If the curves are examined carefully, subtle differences are evident at small pore diameters between 0.005 and 0.05 pm. The differences, however, were not great enough to affect the percent porosity or the density data.
When the cumulative percent pore area curves (Fig. 11) were compared, the small differences, observed in the low temperature curves, were magnified. This magnification is caused mainly by the fact that small pores have a greater affect on area and its distribution than on pore volume and its distribution.
The ranges of the hysteresis for the sintered compacts are shown in Fig. 16 surface area curve, and was found to be about 0.11 m* g-' deg-i for the temperature range between 500" and 900" C. Correspondingly, the surface area change with the change in outgassing temperature (dA/dT) was about 0.13 m" g-l deg-' for the compacts measured by mercury porosimeter between 400" and 800°C. Although the initial temperatures for each set of data were different, the coefficients were about the same.
Another means of examining the change in pore area on sir&ring is to compare the changes in pore area with pore volume (Fig. 13) . The samples heated at low temperatures are at the upper right-hand side of the figure. With increasing temperature, as pore PORE VOLUME. cc/g Fig. 13 . Pore area vs. pore volume for sintered VIC-5QOP compacts.
area and volume decreased, the values decreased toward the origin of the curve. The slopes indicate that there may be at least two different rates operating during the sinkring process. It was observed that changes in pore area compared with volume (M /dV) were much more rapid (1028 m2 /cm3 ) at low temperatures than at high temperatures (280 m2 / cm3), by a factor of 3.7.
Another means of examining the physical changes of the sintered compacts is to determine whether a relationship exists between the change in pore volume and the bulk density _ It was also of interest to establish whether a change of pore volume of the compact affected only the internal arrangement and size distribution of the pores, or whether it also involved the external change of the physical dimensions of the compact. Figure   14 shows that after sintering at 600°C the decrease in the pore volume was accompanied by a corresponding increase in bulk density_
The increase clearly illustrates that the exter- Changes in physical parameters of the sintered compacts were temperature dependent. Surface areas decreased after 300" C or 400" C. Pore volume and the bulk density did not change noticeably until after 600°C. Real density of the solid, by mercury porosimetry, remained constant up to 700°C (Fig. 15) , above which significant changes appeared. Pore area proved to be the most sensitive indicator of change for following the effect of outgassing temperature on the sample compacts, and for determining the temperature limit for outgassing the sample without any sintering effects.
A plot of pore diameter data of sintered is shown in Fig. 16 , where the median and the average pore diameters for both pressurization and depressurlzation data show convergence with increasing sintering temperat.ure. As the sintering of compacts progressed, the average pore diameter approached the median pore diameter. Thus the average pore diameter became a fair estimate of the median pore diameter of the sintered compact. An attempt to emphasize this observation is made in Fig. 16 , where the ratio of the median to average (Med/Av) pore diameter is plotted for the depressurization data. The change in the ratio took place between 500" and 700°C where the ratio became one. A change took place in the same temperature range for the pressurization data.
These results indicate that pores, both openings ("necks") and the main body, are smoothed-out and rounded-off. In the course of sintering, the surface tension of the solid, and the surface flow of the hydroxyapatite are "smoothing" out the rough irregular pores originally created during compaction. These factors contribute to a more uniform size, rounded shape, and homogeneous distribution of pores.
CONCLUSIONS
The following significant information about compactibility of two different hydroxyapatite powders (VIC-and TVA-HAP) has been obtained_ (1) Bulk density measurements made by using a micrometer to measure thickness of the compacts were 1 -2% higher than the bulk densities derived from mercury porosimeter data. This agreement was a good check on both measurements foi bulk density, and it established a basis for reliability for further calculations of the porosimeter data.
(2) It was possible to form compacts with varying porosities from HAP powders. Linear relations between log of applied load and pore volume and between the pore volume and bulk density were established_ Pore volume and size distribution at a given load depend largely on the particle size distribution of the powder. The pore size distribution and median pore diameter decreased linearly with the logarithm of the applied load.
(3) Interpretation of the pore size distribution curves is greatly enhanced by measuring the extent of hysteresis of the depressurization curves. Pressurization curves gave size distributions of pores according to openings ("necks") of the accessible open volumes regardless of the shape or size of the pore or void behind it. Depressurization curves from the porosimeter conversely yielded size distributions of the effective mean size of open spaces behind the "necks". To avoid misinterpretat.ion of the mercury porosimeter data, both pressurization and depressurization curves should be run.
(4) Surface areas of hydroxyapatite compacts are reduced by sintering above 300" -400°C.
This effect was also reflected in the area distribution changes of compacts sintered above 400°C.
Sintering of VIC-500P compacts above 400°C resulted in narrowed pore size distributions and increased diameters df the pore. Densification of compacts occurred above 700" C.
